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■:  « 

Stnictural  respmise  data  Irmii  tiieht  or  wind  tunnel  tests 
(>t' eight  full-scale  rotors  have  been  examined  and  compared  lor 
high-speed  flight  conditions  and  in  the  absence  of  blade  stall 
or  maneuvers.  Both  similarities  and  differences  in  the  behav 
lor  of  the  rotors  were  obserx  ed,  and  tiiese  findings  are  useful  in 
determining  appropriate  tests  for  the  development  of  theoretical 
methixls.  Idmited  use  is  made  of  airload  measurements  and  the¬ 
oretical  calculation  in  examining  these  data.  .Major  similarities 
observed  in  the  rotor  behavior  inchule:  (!)  .^/rev  vihra'ory  flap 
bending  moments  are  remarkably  similar  among  all  the  rotors 
at  high  speetf:  (2)  the  root  oscillatory  chord  bending  iniluced  by 
lag  dampers  is  similar  for  three  of  the  articulated  rtitors  tlespite 
differences  in  the  damper  type;  and  (.2.)  the  torsion  moment  and 
pitch-link  loads  show  the  same  positive -negative  loading  over 
the  advancing  side  of  the  disk  caused  by  the  unsteady  pitch¬ 
ing  moments  at  the  blade  tip.  Differences  that  were  observed 
include:  1 1 )  the  vibratory  chord  bending-moment  behavior  ap¬ 
pears  to  be  dependent  on  rotor  stiffness  in  part,  but  differences 
seen  are  not  easily  e.xplained;  (2)  the  Cfi  5.1A  root  oscillatory 
chord  bending-moment  dat.i  do  not  show  the  damper- intluced 
loads  that  arc  seen  on  the  other  articulated  rotors  with  hydraulic 
lag  dampers;  and  (.1)  the  A1 1  - ICi  torsion  response  is  very  differ¬ 
ent  from  that  of  the  articulated  rotors. 

IM  K()1)L(  TION 

The  prediction  of  rotor  vibratory  airloads  and  structural 
loads  remains  a  difficult  and  intractable  problem.  The  develop¬ 
ment  of  improved  theoretical  methods  requires  careful  comt>ai- 
ison  of  theory  and  experiment,  and  tlcmonsiraiion  that  the  the¬ 
ory  diK's  in  f;ict  correedy  represent  the  physics  of  the  problem. 
Within  this  context,  the  examination  and  comparison  of  measure¬ 
ments  obtained  for  a  wule  range  of  full  scale  rotors  is  valuable 
in  that  behaviors  that  are  indeixtndeiu  of  rotor  type  its  well  as 
behaviors  that  depend  upon  the  rotor  configuration  can  be  identi¬ 
fied.  Those  behaviors  that  are  common  to  many  different  rotors 
provide  a  first  test  of  theoretical  mctluxls.  To  successfully  pass 
this  first  test,  a  theory  must  properly  imxiel  the  physics  of  heli¬ 
copter  rotors  in  forward  flight.  It  is  not  sufficient,  for  example, 
to  predict  the  ■magnitude  of  a  loading  component  ami  miss  the 
phase.  In  this  sense,  the  prcxlictions  of  a  theoretical  model  must 
be  at  least  as  gtxxl  as  the  estimates  obtained  from  scaling  previ¬ 
ous  flight  test  data.  Once  a  theoretical  mcxlei  has  shown  that  it 
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can  pass  the  tir.>t  test  with  some  consistency,  it  must  demonstrate 
that  it  can  nrcdict,  as  well,  those  beh.iviors  that  differ  among  ro¬ 
tor  configurations.  This  is  the  second  test.  The  objective  of  this 
paper  is  to  seek  appropriate  tests  for  theoretical -mctluxls  devel¬ 
opment  through  comparison  of  full-scale  rotor  measurements, 

Ihxiper.  in  Ref,  I,  has  examined  the  vibratory  airloads 
obtained  from  tests  tif  six  full-scale  rotors  either  in  flight  or  in 
the  wind  tunnel.  In  each  of  these  tests,  pressure  transducers  were 
installed  at  multiple  radial  stations  and  the  indiv  idual  pressures 
were  integrated  to  provide  the  nomial  force.  The  vibratory  air¬ 
load  behavior  has  been  visuali/cd  bv  means  of  computer  graph¬ 
ics  programs.  This  work  has  deinonstraieii  that  the  vibratory  air¬ 
loads  are  remarkably  consistent  in  the  transition  regime  regard¬ 
less  of  the  number  of  blades,  the  rotor  size,  or  the  trim.  .At  higher 
speeds  many  similarities  are  seen  between  the  different  rott'rs. 
but  the  blade  airloading  is  more  variable. 

The  present  paper  complements  Htxiper's  work  in  that 
the  problem  of  vibratory  loading  is  examined  largely  from  the 
perspective  of  the  rotor  structural  response.  This  examination  is 
valuable  in  its  own  right  because  the  different  perspective  that 
is  obtained  assists  in  the  understanding  of  a  complex  problem. 
In  addition,  by  examining  the  rotor  response  it  is  possible  to 
u.se  data  from  fesis  in  which  only  structural  tneasurcmetits  have 
been  obtained.  This  pape  begins  w  iih  a  brief  discussion  of  the 
.scope  of  the  paper  and  the  data  that  were  used.  The  problem 
of  rotor  response  is  then  treated  by  discussing  the  blade  flap, 
chord,  and  torsion  responses  separately.  The  rotor  blade  motions 
are,  of  course,  coupled,  but  the  separation  used  here  is  suitable 
for  a  qualitative  examination.  Important  similarities  between  the 
rotors  will  be  discussed  as  well  as  some  fundamental  differences. 
ronclusio'’s  from  the  comparisons  will  be  made. 

F.XPKRIMKN TAL  DATA 

The  comparisons  shown  are  based  on  data  obtaine'' 
from  eight  llight-test  or  wind  tunnel  ex]x‘riments  on  full-scale 
t\)tors.‘  '  These  are,  for  the  most  part,  the  only  data  that  are 
accessible  on  magnetic  storage  media  or  tabulated  in  archive  re 
ports.  Table  1  summarizes  the  eight  sets  of  data  and  includes  a 
description  of  the  major  instrumentation.  Ttie  S-76  wind  tunnel 
test  reported  in  Ref  .“i  included  four  interchangeable  tips,  but  only 
the  data  from  the  swept/tapered  (pnxiuction)  tip  are  shown  here. 
Results  of  testing  of  the  SA  .T7()  Puma  were  reported  in  Refs.  X 
and  9.  The  data  used  here  are  from  the  tests  of  an  unusual  mixed- 
bladed  rotor  configuration  which  had  an  instnimented  swept  tip 
installed  on  one  blade  and  an  instrumented  rectangular  tip  in¬ 
stalled  on  the  opposite  blade.  The  blades  at  ‘XT  and  270°  were 
the  standard  Puma  blades.  Data  from  a  second  test  of  the  SA 
.M9/2'”  have  also  been  examined,  but  are  not  shown  in  this  pa¬ 
per  as  they  are  essentially  identical  to  the  measurements  obt.iined 
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'  Pilch-link  load 
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f  lap  bending  moment  (4) 
Chord  bending  moment  (.1) 
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Absvilutc  pressure  (Xi 
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Chord  bending  moment  (Pi  | 
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!  Absolute  pressure  (.1) 
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1  Absolute  pressure  (.4) 

Flap  bending  moment  IP) 
Chord  bending  moment  (7 1 
Torsion  moment  t4) 

1  Pitch-link  load 
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10X6 

i 
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1  P'lap  bending  moment  i4) 

!  Chord  bending  momeni  i  4' 

1  Pitch-link  load 
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'  I  lk'  nuinbcrdf  the  radial  station  with  insiruiiieniation  is  shown  in  pa.cntheses. 


in  the  first  test.  Data  oliiaitkkl  during  the  L'l  I  ftOA  testing  in  ldX7 
are  aeeessiblc  through  the  TRbND.S  data  base  at  Ames  Research 
Center. 

[  light  and  wind  tunnel  eases  tor  trimmed,  level  flight 
were  selected  from  the  experimental  data  bases.  ITte  lift  coeff'- 
ei-ents  and  advance  ratios  for  the  data  used  in  this  paper  are  shown 
m  I'lg.  I  compared  to  the  rotor  lift  bo"ndar\'  obtained  in  Ref.  1 1 
with  a  mtxlel  scale  rotor.  The  lift  coefticient  valttes  range  from 
().(i6  to  D.flH  anti  the  maxim'.im  advance  ratios  are  generally  in 
the  range  of  0  .f.s  to  0  40.  In  the  case  of  the  S-76,  only  data  for 
the  0  .^X  advance  ratio  case  were  used.  The  rotor  lift  boundary 
rh,!!  vvas  otstained  by  Mcilugh''  represents  an  aerwiynamic  limit 
■  lit  er  til,  11  a  structural  limit  because  the  nuxlel  tested  was  sul 
tn  lenilv  sijone  that  the  rotor  collective  pitch  could  be  increased 
ii'.' e  •  .■  -c  iior  itirusi  no  longer  increased.  The  rotor  data  thtit  are 
ev.u’.iiied  Hi  tins  p.iper  were  obtained  tit  lift  ciK'fhcients  well  be¬ 
low  .Mi  l  high'  rotor  'ill  boundary,  and  therefore  little  or  no  stall 
IS  expected  on  the  outer  portion  of  the  blade  at  any  a/.iiiuith.  for 
dll'  I  spernnental  cases  where  aerodynamic  loads  dal.i  tire  avail¬ 


able,  this  conclusion  is  confirmed  by  the  absence  of  stall  behavior 
in  the  pressure -transducer  time  histories. 

Data  tme  available  for  most  of  the  rotors  examined  here 
over  a  full  range  of  advance  ratios,  l  ltxiper  has  clearly  shown 
that  all  rotors  respond  strongly  to  the  loading  induced  by  the 
tip  vortex  of  the  previous  blade  in  the  low-speed  or  transition 
regime  where  the  vortex  passes  very  close  to  the  blade.  Although 
this  area  of  the  flight  envelope  remains  highly  interesting,  the 
primary  purpose  of  this  paper  is  to  examine  the  blade  loading  at 
the  high-speed  end  of  the  aircraft  envelope.  Normal -force  data 
measured  at  H  on  the  rectangular  ti[i  of  the  .SA  .T4()  Puma’'  are 
shown  as  a  function  t>f  ar.inuith  and  ativance  ratio  in  Pig.  2.  which 
illustrates  how  the  character  of  the  loading  changes  as  airspeeu 
IS  increased.  The  nonnal  force  is  in  the  nondimensiomil  form 

2  i 

M-('i  - 

■  i-  p 

where  /.  is  the  lift,  u  is  the  speed  of  sound,  and  p  is  the  donsiiy 
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Fig.  1.  Rotor  lift  coefficient  and  advance  ratio  of  experimental 
data. 


ing  side  as  the  vortex  moves  back  out  to  the  blade  tip.  Although 
the  effect  of  the  tip  vortex  on  the  retreating  side  is  still  detectable 
at  the  highest  advance  ratios,  the  vortex  loading  on  the  advancing 
side  is  no  longer  observed  for  >  0  3 .  At  the  same  time,  the 
lift  at  the  blade  tip  is  decreasing  on  the  advancing  side  of  the  disk 
so  as  to  maintain  roll-moment  balance  of  the  rotor.  Tlie  primary 
purpose  of  this  paper,  then,  is  to  examine  the  response  of  rotors 
in  these  high-speed  conditions  without  the  complicating  effects 
of  blade  stall  and  maneuvers. 

Two  of  the  sets  of  rotor  data  examined  by  Hooper,  the 
XH-.^l  A  compound'*  and  the  NH-3A  compound,'^  are  interest¬ 
ing  in  their  own  right,  but  are  not  inc'uded  in  the  present  com- 
pansons  because  of  the  confounding  eltects  of  wing  lift  and  aux¬ 
iliary  propulsion. 

FLAP  HF.NDINC-MOMKNT  RE.SPONSE 

Tbe  Hap  mtxle  trequencies  ot  the  rotors  examined  here 
are  shown  in  a  simplified  form  in  Fig.  3.  The  frequencies  are 
shown  in  tcmis  of  their  endpoint  values  calculated  at  0  4  Qo  and 
1  20o,  where  is  the  nominal  rotor  speed.  This  approach 
is  an  approximate  method  of  indicating  the  uncoupled  blade 
frequencies.  Values  for  the  CH-34,  the  SA  349/2,  and  the  UH- 
60A  have  been  calculated  using  CAMRAD.  The  frequencies  for 
theCH-.‘i3A,‘'  theS-76,''*  and  the  AH- IG'^  tu'e  from  calculations 
made  by  the  manufacturer. 


Fig.  2.  Nondimensional  normal  force  measured  on  SA  330  Puma 
as  a  function  of  azimuth  and  advance  ratio;  rjR  =  0  95. 

The  Puma  data  shown  in  Fig.  2  were  obuined  on  a 
mixed-bladed  rotor  configuration  and  are  therefore  not  strictly 
representative  of  conventional  rotors.  However,  the  high  resolu¬ 
tion  of  the  data  in  azimuth  and  advance  ratio  clearly  exhibits  the 
major  fe.atures  of  the  blade  airloads  as  advance  ratio  is  increa.sed. 
At  tiic  lower  advance  ratios,  the  loading  that  is  induced  by  the 
vortex  of  the  previoui  blade  is  quite  evident  on  b<>th  the  advane- 
'pg  •.t'.c  .,„n ;..g  of  the  disk.  As  cx(j>,ctcd,  this  ioaoing 
is  a  sharp  down  up  pulse  on  the  advancing  side  as  the  vortex 
moves  radially  inward,  and  is  an  up  <iown  pulse  on  the  retreat- 


'!'hc'  flan  nnidc  fa\j'at‘nak’s  ari-  Minilar  for  all  of  the 
Itelieopters  sunlicd  here,  i'he  ^ec^'nLl  nuxle  freqtienetes  ranye 
troni  about  2.b  to  2  ‘)/ru\,  and  tins  is  the  dominant  vibralt.ip,'  (lap 
bcndine  imxle  for  tliese  aireraft.  Frequencies  of  the  third  and 
fourth  nnxies  cluster  around  5  and  8/rev  with  a  range  of  1/rev 
seen  between  different  rotor  configurations. 

The  vibratory  Map  bending  moments  are  shown  for  six 
of  the  rotors  in  Fig.  4  Fxcept  for  the  ril-,s4  wind  tunnel  data, 
the  conditions  selected  represent  the  highest  advance  ratio  cases 
in  the  data  bases.  Depending  upon  the  rotor,  the  advance  ratio 
for  this  comparison  r.inges  from  ()..s7.f  for  the  CH-b.s.-\  to  O  .^dO 
for  the  Cll-.v}.  The  lift  coefficient  values  range  from  ().0.S96  for 
the  ril  s4  to  (1.0776  for  uic  UH-hO.A.  As  used  here,  vibratory 
refers  to  harmonics  three  and  above.  The  Map  bending  moments 
are  shown  in  the  nonditnensional  fonn 


w  here  My  is  tlie  tl.ip  bending  nniment.  6  is  the  number  of  blades. 

■  IS  the  nominal  blade  chorti,  12  is  the  rotor  speed,  anil  //  is  the 
radius. 

The  surface  pUns  in  Fig.  4  extend  from  0°  to  .^60“  in 
a/itnutli  and  from  radial  station  0  tti  1.  The  stations  with  avail¬ 
able  bending-moment  measurements  differ  among  the  various 
data  sets,  and  this  must  be  kept  in  mind  when  the  data  are  ex- 
.'tmined.  For  instance,  the  most  inboartl  station  for  the  CH-.74 
w  ind  tunnel  measurements  was  at  0  .s7.‘>  /7,  whereas  for  the  UH- 
60A  measurements  were  taken  on  the  blade  sliank  at  0  11.7/7. 
and  yoke  tiieasurements  on  the  Al  l  •  i  G  were  obtained  at  0  02,7  R. 
The  bending  moment  scales  in  Fig.  4  have  been  adjusted  septi- 
rately  for  each  rotor  to  assist  in  the  comparison. 

In  general,  e.ich  of  these  rotors  shows  the  same  behav¬ 
ior;  the  V  ifiratory  loatls  are  dominated  by  the  second  Map  bending 
iiKxle.  This  i,<  especially  noticeable  on  the  outer  portion  of  the 
blatle.  However,  measurements  at  the  hhide  root  or  shank  show 
considerable  differences  between  the  rotor  configurations.  The 
.S,\  749/2  showv  an  increasing  .7/rev  moment  at  the  blade  r(M)l, 
whereas  the  I'll  6()A  shows  a  retluction  in  the  load.  'I'he  All-IG 
measurements  show  considerably  higher  hannonie  behavior  on 
the  inboard  portion  of  t.he  blade. 

i'he  behav  ior  of  the  vibrtitory  Map  bending  moments  at 
a  midspan  radial  station  is  shown  as  a  function  of  advance  ratio 
and  ,1/imuth  in  Fig.  ,7  for  five  of  the  rotorv.  These  advance  ralio- 
j/imuth  plots  are  analogous  to  the  radial  station  a/imuth  plots 
of  ['lii  4,  hut  advance  ratio  replaces  ratlial  st.ilion  as  the  second 
independcni  v.inabh-.  1  he  advance-ratio  '•call'  gtx'v  from  0  toO.b 
tor  e.ich  of  the  rotors  sliown,  although  the  extent  of  the  advance 
ratio  data  iv  diflerent  (or  each  of  the  e.xperimenlal  <lata  sets.  Note 
;n  :  4.  ■  witai  tunnel  data  arc  not  used  for  the  plots  that  ineliide 
■b  .  :  r  I'.i'  ,is  .111  independent  v.iri.ihle, 

t  -.ire  vbows  that  Mie  dominant  7/rev  loatling  at  the 
:  ,:v.  i!!  '•  ine^e  roiom  is  observed  over  a  wide  range  of  advance 
ratio--  .  1  he  basic  charai  ler  dixrs  not  appear  to  change,  even  well 
into  the  trail  ution  regime,  '"idifion.  the  phase  ol  the  ,7/rev 
eiading  IS  rel.itively  conOanl  with  increases  in  advance  ratio. 


The  midspan  .7/rev  Map  bending  moments  are  e.s.miined 
in  more  detail  in  Fig.  6.  For  comparison,  the  data  have  been 
scaled  as  indicated  in  the  legend.  TTie  midspan  moment  ainpli 
tildes  are  low  at  low  advance  ratios,  and  increase  rapidly  m  the 
transition  regime  as  advance  ratio  increases  from  0.10  to  0.1.6. 
Fxcept  in  the  case  of  the  CH  .74.  the  loads  then  decrease  at  the 
higher  advance  ratios  up  to  0.20  to  0,25,  after  which  they  again 
sttir*  to  climb  and  become  progressively  higher  out  to  the  maxi¬ 
mum  advance  ratio.  The  2,':?v  bending-moment  phase  shows  a 
slight  decrease  with  increasing  speed  for  all  ot  the  rotors.  This 
behavior  is  independent  of  I.be  number  of  blades.  'I'he  phase 
decrease  is  typically  .70"  to  60"  for  the  third  hannonie  values 
shown  in  Fig.  6,  which  corresponds  to  about  I(F  to  20"  tcrin.i. 
ol  rotor  azimuth.  This  phase  change  is  comparable  with  the 
shift  in  the  advancing-side  vortex  intersection  that  is  obtained 
by  calculation.'''  The  phase  angle  varies  by  app-rtiximately  90° 
among  the  rotors  shown  here,  which  is  eciuivalent  to  a  .70"  differ¬ 
ence  in  rotor  azimuth.  Wake  calculations  suggest  that  the  vortex 
loading  should  differ  by  about  20°  between  a  two-bladed  and  a 
six-bladed  rotor,  but  no  pattern  based  on  blade  number  is  seen  m 
the  .7/rev  phase  data  shown  liere. 

CHORD  BENDlNfJ-MOMEN T  RESI’ONSE 

The  calculated  chord  mixle  frequencies  tire  shown  in 
Fig.  7.  The  AH-  IG,  because  of  its  two-bladed,  semi-rigid  design, 
has  a  first  chord  mixie  frequency  of  above  1/rev.  but  the  other 
rotors  have  typical  first  mode  frequencies  that  arc  below  1/rev. 
Con.siderably  more  variation  is  seen  in  the  second  chord  mixle 
frequencies  than  was  .seen  in  the  higher  blade  Mapping  mcxles. 
The  CH-.74  and  Cl  1-5.7A  rotors  are  not  as  stiff  as  the  newer  rotors 
tu-e,  because  the  trailing  edge  piK'ket-type  construction  of  the 
older  rotors  results  in  the  chordwise  stiffness  being  carried  only 
by  the  spar.  TTie  frequency  of  the  second  mixle  for  these  rotors  is 
!  O'"  2/rcv  less  than  for  the  other  rotors  where  the  airfoil  trailing 
edge  contributes  to  blade  stiffness.  For  the  newer  designs  the 
.second  chord  mode  frequency  tends  to  be  nearly  5/rev  and  this 
mode  couples  strongly  with  the  third  Map  and  lirst  torsion  mcxles. 

Oscillatory  chord  bending  moments  arc  shown  in  Fig.  8 
for  the  same  high-speed  condition'-  as  for  the  Map  bending  mo¬ 
ments  that  were  shown  in  Fig.  4.  Oscillatory  as  used  here  refers  to 
all  htu-monics  one  and  above.  The  chord  bending  moments  have 
been  nondimensionalized  in  the  same  fashion  as  the  Map  bend¬ 
ing  moments  were,  and  the  bending-moment  scale  is  adjusted  for 
each  rotor  separately  to  allow  comparison.  Tlie  oscillatory  chord 
moments  for  this  high-speed  condition  differ  among  the  five  ro¬ 
tors.  However,  there  is  some  similarity  in  behavior  between  the 
CH-.74  and  SA  ,749/2  rotors.  In  both  cases  a  large  I/rev  oscil¬ 
lation  IS  seen  at  the  blatle  rixtt,  and  it  is  progressively  reduced 
for  stations  farther  out  on  the  blade  This  suggests  that  tlie  load¬ 
ing  is  related  to  the  blatle  rixit  boundary  condition,  that  is,  the 
blade  lead-lag  damper.  This  oscillatory  rixit  loading  increases 
with  speed,  as  shown  in  Fig.  9  for  live  aircraft.  The  CH-.74,  the 
SA  .749/2,  and  the  UH-6()A  all  show  similar  behavior,  the  dom¬ 
inant  effect  being  a  rapid  change  in  the  bending  moment  in  the 
third  quadrant  of  the  rotor.  The  data  in  this  figure  show  that  the 
effect  of  increased  airspeed  is  to  increase  the  amphtiulc  of  this 
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.c,  ')  F<()ot  nsi._i|];it(ir\  lHohI  bcnditiii  niomcnls  for  li\L‘  rotors  as  a  liinmoti  of  advance  ratu'  and  a/miuth 


tnolioii  I'hc  Ml  K'l  li.'M  .iNo  an  un.ri'u.c  in  O'.t ilkitors 

loati  wilh  air'jX'cd,  but  thu  a.’iimiib.al  hul',a\ior  i\  \-r\  dittcreiu 
I  roni  tijat  ol'the  rtiiors  u  itli  i  ilka  I  lau  moilC'  a.  id  ihcir  avNsvi 
atcd  d.anipcr'.-  The  t'll  \'.!i:Lh  a!^.'  uses  a  laad  lau  dan’pcr. 
sliows  an  oscillatory  bclia\  lor  ditlcrcnt  from  that  of  the  others. 

The  oscillator,  rivn  chord  hemlini:  for  the  Cll-.'d,  the 
S.\  d49,'2,  aiul  me  I'll  bt).-\  is  lunb.er  examined  in  his:.  10,  in 
\shich  the  data  are  scaled  as  .ndicatcxi  for  comparison  purposes, 
lliis  hgurL.  clearly  shoes  s  tlie  rapid  chance  ir.  die  root  nionieni 
that  occurs  in  the  third  ijuatlrani.  This  rapid  chance  dsnniintes 
ifie  peak-io-peak  U'adme  at  this  siaiion.  I'b.e  Cll-.'s  l  ;ind  the  I  II 
Mt--\  use  hsc.raulic  slanipers.  but  itie  s!.iir.|X‘r  on  the  S.-X  .Msf'2  is 
eiasiomenc.  .Alihouafi  diiterer.ces  vsoiild  be  expecte'.l  for  these 
tsso  tspes  of  dampers,  the  loading  Ix'has  ii'r  appears  lobe  much 
the  same  llosseser,  the  C'l!  b  vA,  sslncli  also  uses  a  liydraulic 
damper  liix's  not  shoss  ’!,e  st,..p.i;  h'res  loadir.p  at  the  rixit  that  is 
seen  here 

The  vibratory  chord,  bending  moments  for  the  high¬ 
speed  condition  are  shown  in  lag.  il  for  five  rotors.  'ITe  vlhrti- 
tory  loading  tif  the  ("ll-.vi  and  ('ll  .s.f.A  rotors  is  largely  am! 
4/rev:  the  4/rev  loading  o  especially  noticeable  on  the  ('1I-'.V\. 
'Hie  S-76  and  the  S.\  which  are  suffer  in  chonl  hcuding. 

shsiw  more  response  at  4  ami  5.  rev.  lioth  of  these  rotors  also 
show  a  pronounced  4/rev  response  at  midspan  on  the  retreating 
side  of  the  disk.  The  vihr.itory  loads  rfir  the  Ail  1(1  arc  domi¬ 
nated  hy  .Vrev  kiading  and  show  a  coniinuous  huild-up  in  am¬ 
plitude  toward  the  blade  rinn  This  loading  is  characteristic  of 
the  first  cyclic  irtplane  riKKic,  which  has  a  predicted  natural  fre- 
ipaency  of  close  to  2/rev  (l-'ig.  7). 
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The  behavior  ot  the  v  ibratory  chord  hei.ding  moments 
at  midspan  is  shmen  in  l-ig.  12  as  a  function  of  advance  ralio. 
All  of  these  rotors  show  an  increase  m  the  vibralory  loading 
with  increased  airspeed.  In  ihe  ease  of  ihe  CH-.M,  ihe  CH-STA, 
and  the  All-Ki,  this  increase  appears  lo  be  relatively  snuxnh. 
'Idle  4/rev  response  seen  on  ihe  rvireating  side  of  the  SA  ,440/2. 
however.  apjX'ars  to  be  gr'sw  ing  quickly  for  adv  anee  i  alios  higher 
than  ( 


TORSION  MO.MKM  KKSI'ONSK 


('aleukited  torsion-moment  frequencies  are  shown  in 
fig  I .?  for  si.\  rotors.  The  ('I  f-.S.'A  prediction  was  obtained  from 
Kef.  17.  Tlie  first  torsion  frequency  of  the  AlTK/i  is  quite  low 
at  slightly  below  .3/rev.  The  other  rotors  show  first  lors'on  iiukIc 
tresiuencies  that  range  from  4..S  to  b.fl/rev,  .Although  esimiaies  of 
the  uncoupled  torsion  mukIc  Ireqiiencies  arc  shown  here,  coupled 
ealculatious  show  that  there  can  he  consuierable  nuxial  coupling 
heiween  the  first  torsion,  second  chord,  and  third  .lap  imxies 


Oscikaiory  blade  torsion  moments  are  shown  for  tour 
rotors  in  high-speed  flight  in  1-Tg.  14,  In  general,  there  are  fewer 
radial  measurement  statitins  for  torsion  than  for  flap  or  chord 
bending.  'I'he  Ct!-.i4.  the  ('H  .P4a.  and  the  SA  .344/2  dtit.i  all 
show  similar  behavior  in  that  a  large,  positive  torsion  moment 
is  seen  in  the  first  quadrant  of  the  rotor  followed  hy  a  rapid 
change  K'  a  negative  nionieni  at  the  beginning  of  the  second 
quadrant.  The  rotors  differ  in  their  behavior  in  the  third  and 
fourth  quadrants.  The  Atf-IG  torsion-moment  data  are  siniikir. 
except  that  the  peak  positive  and  negative  iiioments  appear  to  be 
delaved  about  4.4". 


Tfie  behavior  of  the  oscillatory  torsion  inoinents  at  the 
blade  rixH  as  a  function  of  advance  ratio  is  shown  in  Fig.  l.S. 
This  figure  shows  that  the  positive  moment  in  the  first  quadrant 
is  dependent  upon  airspeed,  and  appears  to  be  increasing  more 
quickly  for  advance  ratios  above  0..3.  Oscillatory  behav  ior  in 
the  third  and  fourth  quadrants  for  the  CH-.34  and  the  CluSf.A 
appears  at  ,5  and  6/rev  and  is  the  response  of  the  blade  to  the 
positive-  negative  loading  on  the  advancing  side  of  the  disk. 

The  blade  pitch-link  load  measurements  are  shown  in 
Fig  16  as  a  function  of  advance  ratio  and  a/,innnh.  'I'he  nondi- 
mcnsional  pilch-link  load  is  defined  as 


Cpija  - 


F 


where  P  is  the  pitch-link  force.  The  pitch-link  loads  show  the 
same  behavior  with  advance  ratio  that  was  seen  for  the  bitide  rtxii 
torsion  mea.suremenis  in  Fig.  as  is  to  be  expecied.  Pitch-link 
load  data  from  the  rectangular-tip  blade  of  the  research  Puma  and 


1(1 


CH  'i4  FL  !i;h  I  I  ESr 
'  0  b7b 

3  10  12  HARMONICS 


CH  53A 
r,  R  -  0.488 
3  TO  36  HARMONICS 


SA  349/2 
I  R  -  0.54 


.\H  10  t  aat  3  to  10  harmonics 


1  '  -  .^lul^i':;!.  ■.  li'r.iiori  ^hDol  bciuliiiL'  nioniciiis  tor  lour  rotors  as  a  tunciion  of  advance  ratio  and  azimuili 


10 


7P 


CH  34 
CH  63A 
S  76 

AH  1G  (TAAT) 
SA  349,  2 
UH  60A 

2ND  MODE  - - 


GP 


> 

o 

2 

LU 

n 

a 

UJ 

cc 

LL 


6 


4 


\ 

1ST  MODE 

/ 


4r 


3P 


2P 


2 


IP 


0  2  .4  .6  ,8  10  12  14 

NON  DIMENSIONAL  ROTOR  SPEED 

I'ly.  1.^.  Ciilciilaied  torsion  mkkIc  ircqiicnciLS. 


itK-  1  11  ('ll, A  arc  sho-Ati  here  as  well.  As  with  the  other  rotors, 
a  poMtive  tnotnent  in  the  first  qiiadrtint  switches  to  a  negative 
nionieni  at  the  beginning  of  the  second  c|uadranl.  Both  the  Puma 
,ind  the  I'll  hOA  rotors  show  an  approximately  4/rev  oscillatory 
response  on  the  retreating  side  of  the  disk.  The  Cil-34  and  the 
(’ll  ? .3 A  show  a  response  at  5  and  h/rev.  as  was  noted  previously 
for  the  torsion  m-oments,  '['he  AH-  Ki  behavior  differs  from  that 
of  the  other  rotors  in  phase  ami  in  the  amplitude  of  the  pitch-link 
loads  on  the  retreating  side  of  the  disk. 

The  pitching  moment  at  ‘4.3  If  on  the  rectangular  tip  of 
the  Puma  is  shown  in  F-'ig,  17,  A  direct  correspondence  can  be 
seen  between  the  moment  measurements  obtained  near  the  tip  of 
the  blade  and  the  pitch  link  loads  on  the  advancing  side  of  the 
disk.  It  is  clear  in  this  case  that  the  moment  at  the  blade  tip  is 
primarily  responsible  for  the  large  change  in  the  loading  that  is 
seen  on  the  advancing  side  of  the  disk.  On  the  retreating  sirle 
of  the  tlisk,  the  pitching  moment  shows  only  a  slight  variation 
whereas  the  pitch  link  loads  are  seen  to  oscillale  at  about  4/rev 
111  response  to  the  moment  excitation. 


Figure  1 X  shows  a  comparison  of  the  azimuthal  behavior 
of  the  pitch-link  loads  for  live  rotors  at  high  speetl.  'Hie  pitch- 
link  loads  for  all  of  the  rotors  are  plotted  to  the  same  scale.  The 
behavior  of  these  five  rotors  is  strikingly  similar,  particularly 
in  the  first  quadrant.  All  show  a  positive  load  that  peaks  at 
roughly  4,3''.  The  moment  then  decreases  rapidly  and  reaches 
a  minimum  in  the  second  quadrant,  fm  most  of  the  rotors.  After 
this  minimum,  the  CH-.3.3A,  .SA  3,30,  and  L'lTbOA  rotors  show 
an  oscillatory  response  of  between  4  and  b/mv  w  hich  is  the  blade 
response  at  its  first  torsional  nuxle  frequency. 

The  oscillatory  pitch-link  loads  increase  with  advance 
ratio,  as  shown  in  Fig.  19.  The  pitch-link  loads  of  the  uniTuxii- 
lied  or  standard  blade  of  the  SA  330  arc  included  here  as  well  as 
the  loads  of  the  instrumented,  rectangular-tip  blade.  The  increase 
in  the  pitch-link  loads  is  relatively  uniform  for  the  CH--33A  and 
L'li  60A  rotors,  hut  the  SA  330  d;ita  show  a  break  in  the  lotids 
at  an  advance  ratio  of  about  0.2-‘i,  with  the  load  timplitude  in¬ 
creasing  much  faster  ;it  the  higher  advance  ratios.  The  SA  349/2 
behavior  appears  to  lie  somewhere  in  heiween. 
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Fig,  17.  Pitching  moment  on  SA  330  rectaiigular-tip  blade  as  a  Fig.  19.  Half  peak-io-peak  pitch-link  loads  as  a  function  of 
function  of  advance  ratio  and  azir'uth;  r//?  =  0  95 .  advance  ratio  for  six  rotors. 
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The  calculation  of  the  aerodynamic  pitching  moment  on 
the  research  Puma  has  been  investigated  recently  with  a  number 
of  theoretical  approaches.'*  In  Fig.  20,  the  theoretical  predic¬ 
tions  of  the  CAMRAD/JA  analysis  are  compared  with  lift  and 
pitching-moment  measurements  obtained  on  the  rectangular-tip 
blade.  The  lift  coefficient  is  shown  as  a  function  of  the  local 
Mach  number  in  Fig.  20(a),  and  the  airfoil  table  values  of  lift  as 
a  function  of  angle  of  attack  and  Mach  number  that  were  used 
for  the  calculation  are  shown  as  an  overplot.  This  presentation 
method  is  useful  in  showing  that  the  blade  is  operating  for  the 
most  part  below  the  nonlinear  transonic  regime  where  unsteady 
transonic  effects  become  important  in  the  calculation  of  lift  and 
moment.  The  CAMRAD/JA  predicted  lift  is  similar  to  the  mea¬ 
sured  lifts,  although  the  small  negative-lift  region  seen  in  the 
measurements  at  the  highest  speeds  is  not  matched  by  the  predic¬ 
tions.  In  the  case  of  the  pitching  moment  shown  in  Fig.  2()(b), 
sizeable  differences  are  seen  between  the  predictions  and  mea 
surements.  The  moment  from  the  airfoil  tables  is  shown  for  a 
1°  angle  of  attack  and  this  shows  that  over  most  of  the  disk  the 
steady  value  of  the  pitching  moment  is  0  for  this  symmetric  pro¬ 
file.  Thu.s,  the  major  contributor  to  the  pitching  moment  is  the 
unsteady  aerodynamics.  Calculations  based  on  thin-airfoil  the¬ 
ory  appear  satisfactory  at  inboard  stations  where  the  moment  is 
lower,  but  they  underestimate  the  moment  at  the  blade  tip.'*  This 
indicates  that  the  three-dimensional  effects  at  the  blade  tip  also 
play  an  important  part  in  the  excii.uion  of  the  torsional  response. 

The  AH-IG  torsion  moments  and  pitch-link  loads  are 
quite  different  from  those  of  the  various  articulated  rotors,  as 
noted  in  the  discussion  of  Figs.  14-16.  F-iguie  21  compares  the 
pitch-link  loads  measured  on  the  AH-IG  with  those  measured  on 
the  UH-60A,  plotted  on  the  same  scale.  The  torsion  behavior  of 
the  AH-IG  shows  a  strong  2/rev  oscillation,  and  the  loads  are 
much  the  same  on  both  the  advancing  and  the  retreating  sides. 
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I'le.  20.  ('(iniparisun  of  theory  anti  e.xpcritneni  for  lift  and  pitch¬ 
ing  inoincnt  ;is  fttnetions  of  local  Mach  minihcr  on  the  SA  .V3() 
rectangular  tip;  rjli  =  0  0.5 , /i  =  0  ^l^.Cr/a  =  0  0798. 
(a)  Lift  c(x.’fficicnt,  (h)  Moment  coefficient. 


Fig.  21.  Comparison  of  AH-IG  and  UH-60A  pitch-link,  loads 
AH-  IG:  /i  =  0  377 ,  Crja  =  0  06S6 ; 
c/H-6()A:  /i  =  0  383,Cr/<T  =  0  0776. 


CONCI>lJSK)NS 


Data  obtained  in  the  testing  of  eight  full-scale  rotors 
have  been  compared  to  examine  the  structural  response  of  heli- 
c'tipters  to  the  oscillatory  and  vibratory  loads  in  high-speed  flight. 
Similarities  and  differences  in  the  helicopter  structural  response 
are  observed,  and  the  prediction  of  both  represent  necessary  tests 
for  the  development  of  theoretical  prediction  rncthcKls. 

T  hose  behaviors  that  are  consistent  between  rotors  and 
are  largely  independent  of  rotor  configuration  provide  a  first  test 
of  thci-ietical  methiKls.  A  theoretical  methtKi  that  is  to  be  used 
lor  ost  illatory  or  vibratory  load  prediction  must  be  able  to  predict 
lliese  befiaviors  in  a  ri-;isonat)ly  consistent  manner.  The  major 
similarities  observed  incKule: 


1.  The  dominant  flapping  vibratory  response  occurs  at 
.3/rcv,  This  response  sliows  an  initial  peak  in  the  tran¬ 
sition  regime,  then  is  reduced,  and  then  climbs  again 
for  advance  ratios  above  0.20  or  0.23.  The  phase  of 
the  3/rev  response  is  reduced  slightly  with  advance  ra¬ 
tio,  and  no  differences  in  the  phase  respon.se  can  be  at¬ 
tributed  to  rs)tor  type  or  blade  number, 

2.  The  rom  oscillatory  chord  bending  for  the  CH-34,  the 
SA  349/2,  and  the  UH-60A  show  a  negative  to  positive 
loading  at  the  beginning  of  the  third  quadrant.  The 
way  in  which  this  load  bu'lds  up  as  the  blade  root  is 
approached  suggests  that  the  loading  is  directly  related 
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to  the  lead-lag  damper.  The  lead-lag  dampers  on  these 
rotors  include  both  hydraulic  and  elastomeric  designs, 
each  with  dift'erent  kinds  of  nonlinear  behavior.  Despite 
these  differences  the  time  history  of  the  loading  appetirs 
much  the  same. 

.T  The  blade  torsion  moments  and  the  pitch-link  loads  for 
the  articulated  r^itors  examined  at  high  speed  all  show  a 
large  positive  n  oment  in  the  first  ciuacirant  that  switches 
to  a  negative  moment  in  the  second  quadrant.  Follow¬ 
ing  this  positi  e  -negative  excitation,  the  blades  appear 
to  oscillate  at  the  first  torsion  frequency,  although  this 
behavior  is  i  at  the  same  for  all  of  the  rotors.  This  tor¬ 
sional  respt'  ise  appears  to  be  caused  by  the  unsteady 
pitching  mt  ment  at  the  blade  tip  on  the  advancing  side 
of  the  rotor. 

The  diffe'cnces  seen  in  rotor  response  behavior  that 
are  configuration  dependent  provide  the  basis  for  a  second  test 
of  theoretical  methexis  to  be  used  for  the  prediction  of  rotor 
oscillatory  and  vibratory  loads.  The  more  significant  differences 
in  the  a-sponsr  of  the  rotors  examined  include: 

1.  The  vibratory  chord  bending-moment  behavior  of  the 

rotors  differs  significantly.  In  some  ctises,  such  as  for 
the  the  response  cx’curs  mostly  at  the  second 

chord  mcxle  natural  freciuency  and,  in  this  sense,  is  very 
similar  to  the  t1ap  bending-moment  respon.se.  Other  ro¬ 
tors,  however,  show  a  response  at  more  than  one  har¬ 
monic,  and  the.se  responses  show  more  differences  than 
similarities.  The  second  chord  mtxJe  is  proximate  to  the 
third  flapping  and  first  torsion  modes  for  most  of  the  ro¬ 
tors  examined,  and  the  coupling  of  these  mtxies  may  be 
a  primary  reason  ftir  the  differences  seen. 

2.  The  CH-5.'^A  root  oscillatory  chord  bending  dtxts  not 
show  the  same  damper-induced  behavior  that  is  seen 
on  the  Clf-34  and  L'H-60A  rotors,  which  also  have 
hydraulic  lead-lag  dampers. 

.F  The  AH-IG  shows  torsion  and  pitch-link  load  behavior 
that  is  different  from  that  of  the  articulated  rotors  exam¬ 
ined,  The  peak  loading  is  delayed  approximately  4,3'' 
from  that  of  the  other  rotors,  and  the  loads  are  as  high 
on  the  retreating  side  of  the  disk  as  on  the  advancing 
side. 
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